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FSS and CDGP), and children who are presumed to have an unidentified disorder impairing their growth.
Microarray-based genomic copy-number analysis is now a commonly ordered clinical genetic test for individuals with unexplained developmental delay/intellectual disability, autism spectrum disorders, or multiple congenital anomalies. [5] Many studies of copy-number variants (CNVs) in patients with neuropsychiatric conditions or multiple congenital anomalies showed that de novo or inherited CNVs are pathogenic in up to 20% of patients. [6] With an intermediate length of 1 Kb to several Mb, they include both duplications and deletions and can affect single exon, one or several genes, as well as regulatory sequences.
In this report, we present the results of chromosomal microarray (CMA) in a study group of 19 patients with ISS. Our report highlights the ability of CMA to identify clinically important rare genetic disorders. This is also the first study from India using CMA as a diagnostic tool for evaluation of ISS.
meThods
This study was approved by the Institutional Review Board of the institution. All participants or their legal guardians provided written informed consent. Participants were recruited as part of a larger cohort searching for novel genetic etiologies of short stature in individuals with no known systemic, endocrine, nutritional, or syndromic abnormalities.
All the children <18 years of age presenting in SMS endocrine outpatient department for the evaluation of short stature were evaluated by complete history, physical examination, and anthropometry including height, weight, body mass index, arm span, upper segment: lower segment ratio and sexual maturation rate, presence of dysmorphic features, and signs of underlying systemic illness. Those with heights <3 rd centile or <-2SDS on revised Indian Academy of Pediatrics 2015 charts were tested for complete blood count, erythrocyte sedimentation rate, red blood cell, renal function tests, liver function tests, serum calcium, phosphorus, alkaline phosphatase, albumin, bicarbonate, FT4, thyroid stimulating hormone, cortisol, follicle-stimulating hormone (for females), S. tTGIgA, Venous blood gas (VBG), urine pH, and X-ray hand for bone age. Karyotyping was done in all females with the features of Turner syndrome or with unexplained short stature. After exclusion of systemic diseases, and after confirmation of euthyroid and eucortisolemic status, patients were tested by S.IGF1 and clonidine stimulation test to rule out growth hormone deficiency. Priming with estrogen was done in pubertal age group patients if needed.
Those having dysmorphic features were evaluated thoroughly to find any known genetic syndrome associated with moderate-to-severe short stature [8] [ Table 1 ] with additional investigations which included 2D-echo, USG abdomen and pelvis, audiometry, IQ assessment, fundus and MRI brain if needed. About 19 of those patients with normal test results and those with dysmorphic features who did not fit into any known short stature syndromes were then subjected to CMA using Affymetrix CytoScan 750K array and CMA Scanner3000 platform.
Chromosomal microarray methodology
First, the human genomic DNA was extracted from whole blood using Qiagen-DNeasy Blood and Tissue kit (Cat No. 69504). The concentration of DNA samples was determined using Nanospectrophotometer and quality has been estimated on agarose gel electrophoresis. Then, 50 ng/μL of genomic DNA was digested with the restriction enzyme Nsp I. Then, it was ligated to a common adaptor with T4 DNA ligase. Following ligation, the template underwent to PCR amplification using Titanium Taq DNA polymerase. The amplified PCR product was then pooled and purified using bead-based purification methods. Purified product was then quantified and fragmented with Fragmentation Reagent (DNAse I), and end-labeled using terminal deoxynucleotidyl transferase, and then, the labeled samples were hybridized by loading on array. After the completion of hybridization, the array were washed, stained and scanned. The raw data we got from the scanner was then analyzed using Chromosomal Analysis suite software.
Bioinformatics approach
The CNVs thus detected were then searched in database of genomic variations (DGV) [16] to look for physiological variations. Only those CNVs which were not described as physiological were then selected, and the genes present in those CNVs were then matched with those reported in International Standards for cytogenomic arrays (ISCA) consortium database [15] and ClinVar database to be associated with ISS sibling ontologies. Genes already reported in database associated with height were considered causative in that patient. Genes not reported in database were then studied for their signaling pathways and interactions with other height-related genes and possible mechanisms that can lead to short stature.
resulTs
Our study group included 19 patients with ISS [ Table 2 ]. Six (31.5%) were male and 13 (68.42%) were female. Figure 1 ]. None had a positive family history of delayed puberty or short stature. Out of them, 17 (89.47%) patients had proportionate short stature, whereas two (10.52%) patients had disproportionate short stature but without radiographic signs suggestive of skeletal dysplasias. A borderline low IQ in the range of learning disability was observed in three patients (15.7%).
The anthropometric measurements and other phenotypic features of the study group are described in Table 3 . After excluding the CNVs described as normal physiological variation in DGV, we identified total 61 potential pathogenic CNVs out of which 33 were gain in copy number, 11 were loss and 17 were gain-mosaics [ Figure 2 ]. The minimum size of CNVs was 130 kbp, whereas maximum size was 1, 52,802 kbp. About 14 CNVs were of size between 100 and 500 kbps, 19 between 500 and 1000 kbps, 5 between 1000 and 2000 kbps, and 14 >2000 kbps. After looking for the genes lying in these CNV regions, we identified two genes in 3 of our patients tightly linked to a GWAS SNP implicated in human height variations. These are SHOX and PAK3. These genes are reported in database to be causally related to short stature. We also found KIAA0125, a long noncoding RNA and ADAM6, a pseudogene common in most (18 out of 19) of our cohort of ISS. An organization chart illustrating the identified CNVs and genetic findings is shown in Table 4 . discussion CMA analysis in 19 patients with ISS in this study identified 61 novel CNVs, which are not otherwise reported as normal variant in DGV. [12] Out of these 19 participants, only 3 had CNV polymorphs containing genes otherwise known to be associated with short stature. However, an interesting finding of this study is identification of a novel CNV having genes KIAA0125 and ADAM6.
There are only a few published reports on application of CMA for the investigation of ISS. In a study on a genome-wide association analysis of CNV and stature by Dauber A et al., it was revealed that children with short stature had a greater global burden of lower frequency and rare deletions and a greater average CNV length than controls. [8] These observations suggest that CNVs might contribute to genetic variation in stature in the general population. Van Duyvenvoorde et al. performed genome-wide analysis for CNVs, [9] in 162 patients (149 families) with short stature. CNVs were detected in 40 families. In six families, a known cause of short stature was found (SHOX deletion or duplication, IGF1R deletion), in two combined with a de novo potentially pathogenic CNV. Thirty-three families had one or more potentially pathogenic CNVs (n = 40). In 24 of these families, segregation analysis could be performed; identifying three-de novo CNVs and nine CNVs segregating with short stature. Four were located near loci associated with height in GWAS (ADAMTS17, TULP4, PRKG2/BMP3, and PAPPA). Besides six CNVs known to be causative for short stature, 40 CNVs with possible pathogenicity were identified. Hu et al. studied the applicability of the custom microarray and to analyze CNVs in Chinese ISS children and identified sixty nonpolymorphic CNVs including five pathogenic or possibly pathogenic CNVs in five patients, including deletions at 22q11.21, duplications at 4q11-q13.1, 4q12, and Yp11.32-p11.2. [10] The potential candidate genes located in the CNV regions were TBX1, SHOX, TMEM165, POLR2B, and PDGFRA. Zahnleiter et al. searched for rare CNVs in 200 families, 92 sporadic, and 108 familial, with ISS compared to 820 control individuals. [11] They identified 10 duplications and 10 deletions ranging in size from 109 kb to 14 Mb, of which 7 were de novo and 13 inherited from the likewise affected parent but absent in controls. Eleven (55%) of these CNVs either overlapped with known microaberration syndromes associated with short stature or contained GWAS loci for height. The findings of all these studies are partly consistent with results of the present study in sense that CNVs are associated with ISS in a significant number of participants. However, the CNVs identified in all these studies were different from those found in the present study. SHOX is the only gene, known to be associated with height, located on a CNV region identified to be implicated in ISS in all of these studies.
To the best of our knowledge, this is probably the first report on application of CMA in identification CNVs implicated in the cause of ISS in Indian population. The finding of unique CNVs in this pilot study, which were not found in other races, suggests that we need to create a race specific database of ISS-related CNVs. Furthermore, there is scope of further biological investigation and pharmacogenomic studies, so that ISS can be further subclassified. SHOX (OMIM312865) located at chromosome position Xp22.33 and Yp11.2, is part of a large family of homeobox genes, which act during early embryonic development to control the formation of many body structures. Specifically, the SHOX gene is essential for the development of the skeleton. It plays a particularly important role in the growth and maturation of bones in the arms and legs. Haploinsufficiency causes Turner syndrome and Léri-Weill dyschondrosteosis while loss of both copies of SHOX gene results in Langer mesomelic dysplasia. Morizio et al. [12] described SHOX haploinsufficiency by FISH in 4 out of 56 patients with ISS using a probe specific for the SHOX gene. None of these four patients had any skeletal abnormalities. Fukami et al. [13] reported six rare copy-number variations (CNVs) in PAR1 identified through copy-number analyzes of 245 ISS/LWD patients and 15 unaffected individuals. The six CNVs consisted of three microduplications encompassing SHOX and some of the CNEs, two microduplications in the SHOX 3'-region affecting one or four of the downstream CNEs, and a microdeletion involving SHOX exon 6b and its neighboring CNE. The amplified DNA fragments of two SHOX-containing duplications were detected at chromosomal regions adjacent to the original positions. The breakpoints of a SHOX-containing duplication resided within Alu repeats. A microduplication encompassing four downstream CNEs was identified in an unaffected father-daughter pair, whereas the other five CNVs were detected in ISS patients. Out of 19 patients, 3 of our patients (all females) had abnormalities related to SHOX, 2 had loss while one patient was gain mosaic for SHOX. Table 5 compares the CNVs related to SHOX in our study group with other similar studies. Two of these patients had a wide carrying angle while the third had no skeletal abnormality. These patients also had other stigmata of Turner such as multiple nevi and widely spaced nipples. All the three patients had normal conventional karyotype. This finding indicates that CMA may be a more sensitive tool than karyotype for the diagnosis of ISS due to copy-number variations (CNVs) involving SHOX and/or the highly evolutionarily conserved noncoding DNA elements (CNEs) flanking this gene. It is also interesting to note here that all the ISS patients with SHOX gene CNVs had subtle-isolated features of Turner syndrome, instead of complete clinical picture and normal karyotype. Therefore, we suggest that CMA can be an important investigative tool for such children. However, there is need of more data using a large sample size to confirm these findings. PAK 3 (OMIM *300142) located at chromosome position Xq23, encodes a protein which is a serine-threonine kinase that plays a role in a variety of different signaling pathways including cytoskeleton regulation, cell migration, or cell cycle regulation. It plays a role in dendrite spine morphogenesis as well as synapse formation and plasticity. It is also involved in activation of MAP-kinase pathway. Various mutations in this gene have been linked to X-linked mental retardation. [14] A CNV (83.24Mb) Chromosome X: 69,722,080-152,960,691 containing duplication of PAX3 has been reported definitely pathogenic for short stature in DECIPHER. This CNV polymorph was present in one of our patient who also had SHOX mutation. PAX3 could be the reason for mild intellectual impairment in our patient. It could also be a contributing factor for short stature along with SHOX.
We also searched for concurrence of the most common CNV (chr14: 106,181,830-106,781,904) found in our study with CNV data of patients with diabetes with normal height (>175 cm in males and > 162 cm in females) from our country and found only one person with normal height having the same CNV, but it was loss in copy number rather than the gain in copy number seen in our study cohort. What remains interesting is that a long noncoding RNA, namely, KIAA0125 Fukami et al. [13] Figure 3: Interaction map of potential candidate genes found in this study and a pseudogene ADAM6 were found in almost all (18/19) of our study population which provides a deep insight into the role of a nongenic/noncoding sequences in ISS phenotype. Both are juxtaposed in the same chromosome (chromosome14) and might be involved in regulatory role. These two have also been found to be associated with mental retardation in other unpublished study currently going on in our center.
The select 3 genes found in our patients have been shown in interaction map [ Figure 3 ] with the pink edges indicating the physical interactions and the violet indicating coexpression and blue associated with the similar pathways. Considering the fact that there is pleiotropy, further experimentation on this may augment the association of these genes with ISS. Seldom do we find a gene and a long noncoding RNA associated with a disease. In this case, an experimental evidence of interaction between KIAA00125 and a pseudogene ADAM6 could be an interesting story to further explore.
conclusion
We identified definite genetic cause of short stature in 3 of our patients with ISS using CMA. We also suggests that CMA is a more sensitive test for chromosomal disorders such as Turner syndrome than conventional karyotype which may have important clinical implications in the future like better screening of these patients for associated diseases as well as early diagnosis, and commencement of treatment with growth hormone which has a very positive impact on final adult height of such children in addition to reducing the total cost of treatment. Furthermore, we hypothesize that long noncoding RNAs, like KIAA0125 may play a role in controlling the expression of known height-related genes which needs to be proven experimentally.
Financial support and sponsorship
Nil.
Conflicts of interest
There are no conflicts of interest.
references

